Mammalian metallothionein is remarkable in its metal binding properties: well-characterized species exist for metal to sulfur ratios of M7S20, M2S20, and M8S2o, where M = Cd(ll), Zn(ll), Hg(ll), Ag(I), Au(I), and Cu(I). Circular dichroism and luminescence spectra provide rich details of a complicated metal binding chemistry when metals are added directly to the metal free-or zinc-containing protein.
INTRODUCTION
The metallothioneins (MT) are a class of metalloprotein characterized by an amino acid sequence that is unique in its high fractional content of cysteine and lack of aromatic residues-.
The metal binding properties of the class 1 mammalian metallothioneins, especially those of the rabbit liver protein, have been widely studied-. The key remarkable property of the metallothioneins is their ability to bind an extensive range of metals both in vivo and in vitro, typically Zn, Cu, Cd and Hg, but also many others including Ag and Au, especially in vitro ,-.
Rabbit liver MT contains 20 cysteines (as RSH) as part of a 61 (isoform 1) or 62 (isoform 2A) amino acid sequencez, Figure 1 . The absence of aromatic amino acids is a characteristic property of metallothioneins that allows analysis of the metal binding properties by optical techniques because the thiolate to metal charge transfer transitions in the 220 to 350 nm region would normally be completely masked by the presence of aromatic groups. Structural data for the metallothioneins comes from a variety of sources, but currently, mainly, NMR (.Cd and H), X-ray absorption spectroscopy (XAS) and X-ray diffraction ,-3. The XAS experiments (particularly, extended X-ray absorption fine structure (XAFS) spectroscopy) have provided detailed metal-sulfur bond length information that allows structures to be proposed for metallothioneins that do not include the NMR-active nucleP.
We have used the fine detail associated with optical measurements, particularly UV-region circular dichroism and absorption, and visible-region emission spectroscopy to characterize a number of different metal-thiolate clusters that form in the protein, including Zn-MT, Cd-MT, Cu-MT, Hg-MT, Hg-MT, Ag-MT, and Ag7-MT e,4.. Figure 1 shows the primary amino acid sequence for isoform 2A of rabbit liver metallothionein7. The mammalian protein comprises two metal binding domains that involve different clusters of metals, Figures 2 and 3 . The N-terminal domain of the mammalian peptide is named 13 and binds the tetrahedrally-co-ordinated Zn(ll) and Cd(ll) metal ions in a cluster with stoichiometry of M3S9. The C-terminal domain of the peptide is named o in which the M4S cluster forms with Zn(ll) and Cd(ll). Figure 2 shows the metal-thiolate connectivities in the two metal binding domains as determined by NMR and X-ray diffraction techniques for Cd(ll) and Zn(ll). Using the Zn4S and Zn3S cluster structures shown in Figure 2 , a space-filling representation of the three-dimensional structure of rabbit liver Zn-MT 2A Electrospray mass spectrometry offers a new method by which the molar mass of metallothionein, together with its complement of metals, can be determined with precision. Information on the distribution of isoforms and subisoforms is uniquely provided by the mass spectral patterns . Figure 4 shows the mass spectral pattern obtained for the rabbit liver protein used in these studies, isoform 2A, with the pH adjusted to 2.5 with formic acid. Under these conditions the protein's mass is determined for the protonated peptide with no metals bound . The envelope of protonated species shown in Figure 4 encompasses charges of 3+ to 6+ over a m/z range of 1595.4 to 1021.7, respectively. Calculation using the PE-Sciex BioMultiView program provided the mass of the major parent molecule as 6124.0. This corresponds to the fully protonated isoform 2A, 6104+20 H/. We can assign the species responsible for the three higher mass peaks as ZnH8-MT 2A at 6187.0, and ZmH4-MT 2A at 6379 Figure 5 are for a titration carried out at 52 C. Following the formation of this species, addition of further Cu(I) results in formation of Cu-MT.
These striking changes in the CD spectrum are interpreted in terms of a change in the co-ordination geometry around the Cu(I) atom. At low Cu to MT molar ratios, the Cu(I) replaces the tetrahedrally-coordinated Zn(ll) with trigonal coordination, up to the 12 Cu(I):20 SH point, see the structure proposed by Presta et al. ,, Figures 13 and 14 . This structure is represented by a maximum in the CD and emission spectra, Figure 6 , at 40 C. At these high temperatures the peptide chain is able to reorient to accommodate a different wrapping geometry that is thermodynamically preferred for the mixture of 9 trigonally directing Cu(I) atoms and 2 tetrahedrally directing Zn(ll) atoms. The co-ordination geometry in Cu-MT undoubtedly includes both digonal and trigonal Cu(I) atoms as the band at 340 nm is not seen below the 15 Cu(I) point. The emission spectra shown as Figure 6 illustrate a second characteristic of metal binding to metallothionein: the reaction in which the metals binds to the binding site is complicated. In this figure, the emission intensity for the first 6 Cu(I) added is about 50 times less than the maximum recorded for Cu-MT. the maxima in the CD spectra appear at a ratio of Ag(I) to MT of 18. A similar set of spectra is seen when the metal-free protein is studied at 22 C, Figure 8 . However, now there is indication of species formation at the 12 Ag point before the saturation in the signal is observed at the 17 Ag:MT point (isoform 1 saturates at the 17 Ag:MT point compared with the 18 for MT 2A). As in previous studies of Cu(I) binding to MT, we find that different spectral patterns are observed at elevated temperatures. When Ag(I) binds to the apo-MT 1 protein at pH 2.6 and 50 C, Figure 9 , a much more resolved plateau in the CD intensity is observed in the region of 12 Ag(I), strongly suggesting that a structure comparable with that of Cu2-MT may be forming. The data suggest that the dominant species is still the Ag7-MT 1. Because the spectrum does not include a reversal in sign or significant wavelength shift between 12 and 17, we suggest that the Ag2-MT 1 species contains quite similar co-ordination geometry to that in the Ag7-MT 1 species. It seems probable that both structures are dominated by digonal co-ordination. Metals bind also to the isolated fragments and exhibit a rich optical spectrum6. The CD data for apo-alpha MT as Ag(I) is added 2 exhibit strong features at the 3 Ag:l I S point, which suggests that initially, a non-bridged species forms.
Evidence for the formation of peptides with high mole ratios of Ag(I) is seen in the ES-MS shown as Figure 10 . In this figure, a solution with an average of 17 mole equivalents of Ag(I) at pH 2.5 was used. Compared with the ES-MS of the metal-free metallothionein 2A, we see the appearance of a number of new lines in the 7,800 amu region, each representing a peptide with a different number of silver atoms bound. The analysis of the charged species used the envelope of peaks shown in the upper part of Figure 10 . Here the 5+ (centered on 1,550 amu) and the 4+ (centered on 1,950 amu) for each of the metallated (Ag = 14 to 19) species can be used to calculate the mass of each parent ion. Under these conditions, the mass spectral data supports the titration data shown in Figures 7, 8 and 9 in which CD maxima for the Ag:MT ratios of [17] [18] are observed. The combination of techniques provides solid evidence that these high molecularity species exist as three-dimensional structures as determined by the changes in the CD envelope in the region of the sulfur-to-silver charge transfer bands, rather than adducts, that might be inferred from the mass spectral data alone. On the other hand, the observation of the Agn-MT species, where n>12, does support the analysis of the CD data as requiring silver binding at mole ratios greater than 12. 
THE DYNAMICS OF METAL BINDING
Little is known about the processes that take place as a metal is bound by the metallothionein peptide. One approach that can be used to obtain dynamic data such as this, is to monitor spectroscopic changes that are entirely dependent on the bound metal so that only bound metals contribute to the signal intensity. Changes in the emission spectrum intensity and band maxima wavelengths for data measured that arise directly from the metal binding site have been shown to provide this degree of selectivity for both copper and silver. Figure 6 shows the emission spectral changes recorded as Cu(I) is added to Zn-MT . In this static experiment the incoming copper ion has had the opportunity to reach equilibrium and, therefore, locate in a thermodynamically stable binding configuration. The data show, however, that the growth in signal intensity is not a linear function of the number of Cu-S bonds that form as would be expected, rather in the early stages the intensity is very low, only past 7 Cu(I) atoms added does the intensity increase in a more linear fashion. This effect is particularly striking at elevated temperatures where the emission intensity for the first 6 Cu(I) added is extremely weak. At low temperatures (<10 C) a close to linear response is observed from n=1-12. The interpretation of these effects is that the initial Cu(I) binds to the The data in Figure 11 illustrate the differences in bond lengths and co-ordination geometries for the three classes of metal-thiolate cluster commonly formed in the mammalian metallothioneins, namely, the M7S2o (Zn and Cd), M2M20 (Cu and may be Ag) and M8S20 (Ag and Hg) species.
The analysis of these data is summarized in Figure 11 provide evidence that the co-ordination geometries in these two protein species are not the same. However, the data in Figure 12 indicate strong similarities between the Ag12-MT and the AglT-MT in bond length, Table 1 . Figure 11 can be further analyzed in terms of the extent of bridging sulfur based on the measured co-ordination numbers for the sulfurs. Table 1 shows the results of the analysis for these spectra. The error on the average co-ordination number of the sulfur from the XAFS experiment is very high, so it would be useful to be able to correlate the metal-thiolate bond lengths with co-ordination number, however, as Figure 14 Proposed structure of Cu12-MT 2 calculated using molecular modeling techniques described in Figure 3 . The CuoS9 and CuSI domains are almost buried inside the protein in this proposed structure
Reproduced with permission from ref. 34 . Figure 13 Proposed structure of the copper-thiolate clusters in mammalian metallothioneins based on stoichiometries of CuoS9 (beta) and CuS (alpha) calculated using molecular modeling techniques Figure 14 shows how the peptide envelops the clusters, leaving a single channel or crevice for access in each domain. Compared with the structure of the ZnT-MT shown in Figure 3 , we find that the methionine swings down to occupy a region near the lys-lys linker region. 
